A hybrid pilots assisted channel estimation algorithm for multiple input multiple output (MIMO) orthogonal frequency division multiplexing (OFDM) systems under low signal-to-noise ratio (SNR) and arbitrary Doppler spread scenarios is proposed. Motivated by the dissatisfactory performance of the optimal pilots (OPs) designed under static channels over multiple OFDM symbols imposed by fast fading channels, the proposed scheme first assumes that the virtual pilot tones superimposed at data locations over specific subcarriers are transmitted from all antennas, then the virtual received pilot signals at the corresponding locations can be obtained by making full use of the time and frequency domain correlations of the frequency responses of the time varying dispersive fading channels and the received signals at pilot subcarriers, finally the channel parameters are derived from the combination of the real and virtual received pilot signals over one OFDM symbol based on least square (LS) criterion. Simulation results illustrate that the proposed method is insensitive to Doppler spread and can effectively ameliorate the mean square error (MSE) floor inherent to the previous method, meanwhile its performance outmatches that of OPs at low SNR region under static channels.
Introduction and related works
The explosive growth of wireless communications is creating the demand for high speed, reliable, and spectrally efficient communication over wireless medium. There are several challenges in attempts to provide such high quality service in this dynamic environment. These pertain to channel time variation and limited spectral bandwidth available for transmission. Multiple input multiple output (MIMO) system achieves high capacity by transmitting independent information over different antennas simultaneously [1] or employs space time coding techniques to gain diversity [2] . On the other hand, orthogonal frequency division multiplexing (OFDM) is a multicarrier approach for high throughput communication systems due to its robustness to frequency selective fading, high spectrum efficiency, low implementation and equalization complexity [3] . Therefore, the combination of MIMO and OFDM has been considered as one of the most promising techniques for future wireless communication systems [4] .
Channel estimation is crucial since acquisition all of the above merits of MIMO-OFDM systems depends on accurate channel state information (CSI). In general, there are two classes of methods available for channel estimation. One is based on pilot symbols that are prior known to the receiver, and the other is blind channel estimation, which typically requires longer data records and entails higher complexity. Hence the pilot-based scheme is attractive in practice.
The issue of channel estimation for MIMO-OFDM systems has been widely studied. Here we only list some significant literatures to briefly review the achievements in this aspect. In [5] , discrete Fourier transform (DFT)-based channel estimation using a certain number of significant taps for estimating the channel impulse response (CIR) in time domain was proposed. Despite the efficient computational complexity of this scheme, it could suffer from an error floor caused by a non-integer multipath delay spread, relative to the system sampling period, in the wireless channels, known as model mismatch error. The enhancement and simplification of [5] was proposed in [6] by examining the optimal pilots (OPs) design for channel estimation in MIMO-OFDM systems. It is shown that adopting OPs can not only improve the performance but also drastically reduce the computational complexity of the channel estimation. In [7] , an iterative algorithm for least square (LS) channel estimation was proposed for improv-ing the performance of the original scheme. It uses the assumption of limitation of CIR to filter out some noise in time domain and then transfers the refined CIR back to frequency domain for later equalization, but its performance is limited due to the model mismatch error and the existence of virtual carriers, resulting in channel energy leakage after inverse DFT (IDFT). In [8] , an alternative channel estimation approach using time-of-arrivals estimation was investigated. Although the scheme has good performance in resisting the model mismatch error, it imposes high computational complexity. Given the transmit and receive antenna arrays fulfill some physical implementation prerequisites, [9] presented several low complexity, suboptimal, approximated linear minimum mean square error channel estimation techniques via angle domain processing by exploiting the prior knowledge of channel spatial and frequency correlations. Since from statistical signal processing point of view, maximum a posteriori probability (MAP) channel estimator generates optimal results, [10] derived an expectation maximization (EM)-based MAP channel estimator by using the channel statistical information and employing a low-rank approximation method, practically eliminated the need of frequent matrix inversions. Recently, superimposed training (ST)-based channel estimation techniques in which pilot symbols are directly added to data symbols have gained wide interests. This scheme has the virtue of no loss in the information rate at the expense of data power, because some of the transmitted energy is allocated to the hidden pilots. In most existing ST schemes, the effect of unknown data degrades the performance of the channel estimation as the method described in [11] . To mitigate the inevitable interference, [12] employed a special set of orthogonal polyphase sequences that have good periodic autocorrelation and crosscorrelation properties to precode the information blocks for each antenna, but the performance of this scheme gets worse as the signal-to-noise ratio (SNR) increases since the interference is not perfectly eliminated, while the algorithm in [13] , through introducing redundancy and using orthogonal property between the data precoding matrix and the pilots matrix, completely nulled out the mutual interference, but the spectrum efficiency, as a result, is sacrificed.
Another important question coming with the pilot-based channel estimation algorithms is the design of OPs. In [14] , OPs designs over one and multiple OFDM symbols were provided according to the criterion of minimizing the mean square error (MSE) of the LS channel estimator. The method in [14] was further generalized in [15] , which classifies the OPs allocation across transmit antennas as frequency-division multiplexing, time-division multiplexing, code-division multiplexing in both time and frequency domains, and combination thereof. As indicated in [14] and [15] , when the number of transmit antennas increases or the multipath delay spread is large, more pilot tones are required and the transmission efficiency decreases. To solve this problem, OPs are judiciously distributed over multiple OFDM symbols. Although OPs over multiple OFDM symbols can achieve an excellent performance for static or slowly time varying channels, they exhibit poor results in fast fading channels.
In this paper, we design a hybrid pilots assisted channel estimation scheme aimed to improve the performance of OPs over multiple OFDM symbols for MIMO-OFDM systems operating under time varying dispersive fading channels. We first assume that the virtual pilots, equivalent to the OPs that are transmitted in subsequent OFDM symbols as mentioned earlier, are sent in current OFDM symbol over specific tones from all antennas. Consequently, we can estimate the corresponding virtual received pilot signals by exploiting the multipath intensity profile, the separation property of the correlation function of the channel frequency responses (CFRs) and the real received pilot signals, which are proved to be the unbiased estimation values. Finally the channel parameters can be deduced using these two-type received pilot signals by employing LS criterion. Meanwhile, we also give the theoretical analysis of our proposed scheme.
The remainder of this paper is organized as follows. In Section 2, we briefly describe the MIMO-OFDM system model, the LS channel estimator and OPs design problem in static channels. Then, in Section 3, we present the key property of the doubly selective fading channels and describe the proposed channel estimation algorithm, theoretical analysis of which is given in Section 4. The performance of the scheme is evaluated via simulations and numerical computations in Section 5. Finally, we conclude the paper in Section 6.
Notation Upper (lower) letters will generally be used for frequency domain (time domain) symbols. Superscript H denotes Hermitian, * conjugate and T transpose. We will reserve ⊗ for Kronecker product, ε for statistical expectation, for Frobenius norm and vec(A) for stacking the columns of A. The Moore-Penrose inverse and the trace of A are denoted by A † and tr{A}, respectively. α rounds α to the nearest integer greater than or equal to α. δ represents the delta function.
[A] i,j indicates the element of matrix A in the ith row and jth column. I N denotes N ×N identity matrix and 0 N ×M the N ×M all-zero matrix. Further, diag {x} stands for the diagonal matrix with column vector x on its diagonal. Finally, C m×n denotes the set of all complex valued m × n matrices.
Preliminaries 2.1 MIMO-OFDM system model and LS channel
estimator Consider an MIMO-OFDM system with N t transmit antennas, N r receive antennas and K subcarriers. The OFDM symbol that is transmitted from the rth antenna at time index n is denoted as X r (n) ∈ C K×1 . Before transmission, this vector is processed by IDFT, and a cyclic prefix (CP) of length υ used to prevent intersymbol interference is added. We assume that υ L − 1, where L is the maximum length of all sampled channels, which is a common practice in wireless communications. After removing the CP at the qth receive antenna, we can obtain the received signal y
where
cir is a circulant matrix with the first column given
represents the CIR from the rth transmit antenna to the qth receive antenna and η q (n) ∈ C K×1 is the corresponding additive white Gaussian noise (AWGN) with zero mean and variance σ 2 n . Note that Φ ∈ C K×K denotes the unitary DFT matrix. It is easy to show that the eigenvalue decomposition of H q,r cir
Taking DFT to y q (n), we finally get
is some arbitrary data vector, and B r (n) ∈ C K×1 is some arbitrary pilot sequence vector. Then, (2) can be written as
Supposing training over g consecutive OFDM symbols, e.g., over time indices n ∈ {0, . . . , g − 1}, we consider the data model
The LS estimate of h q can then be obtained aŝ
We assume that the pilot sequences are designed such that A ∈ C gK×LNt is of full column rank, which requires gK LN t . Inserting (5) into (6), we can obtain
To eliminate the interference term due to the data, we impose the following condition
The only way of satisfying this is by choosing disjoint sets of tones for pilots and data in each OFDM symbol, i.e. zeros in B r (n), while S r (n) contains nonzeros and vice versa. Note that these sets of tones are not necessarily the same for each OFDM symbol. Assuming we use P/g pilot tones per OFDM symbol, we can write (7) aŝ
contains the nonzero entries (pilot tones) of B r (n), andF (n),Ỹ q (n) andΞ q (n) are the corresponding P/g rows of F , Y q (n) and Ξ q (n), respectively. As mentioned earlier, we will design A ∈ C gK×LNt to have full column rank. Following the above criterion, this is equivalent toÃ ∈ C P ×LNt having full column rank, which requires P LN t . As indicated in [14] , whenÃ HÃ = ρI LNt is fulfilled, LS channel estimator (9) can obtain the optimal results, the MSE of which is given as MSE min = σ 2 n /ρ. Note that ρ is the fixed power dedicated for OPs at one of the transmit antennas. Therefore, (9) can be expressed as
OPs design criterion
The criterion of OPs design was given in [14] . Case 1 OPs over one OFDM symbol can be easily designed as
Case 2 OPs over multiple OFDM symbols can be judiciously designed as
Remarks: (a) The number of pilot tones P transmitted from each antenna should be no less than LN t ; (b) The pilot tones over g OFDM symbols should be equispaced and equipowered in frequency domain; (c) The pilot tones transmitted from different antennas should be phase shift orthogonal.
The previous narration supposes the channel to be constant over a given training period. When the OPs, the black squares as illustrated in Fig. 1, e. g., are uniformly distributed over two and four consecutive OFDM symbols respectively, the pilot tones over one OFDM symbol reduce greatly, hence leading to higher spectrum efficiency. However, the OPs over multiple OFDM symbols entail much performance degradation in time varying channels. To combat this deficiency, a novel channel estimation scheme is introduced in the coming section. 
Time varying dispersive fading channel model
The fast fading channels depicted here are time invariant over a single OFDM block, but vary across blocks, similar as the model in [5] . We also assume that the channels between each transmit and receive antennas pair are independent, identically distributed (i.i.d.), thus one out of them is used to derive the statistical property of the correlation function of the CFRs. The complex baseband representation of a mobile wireless CIR can be described by
where τ l is the delay of the lth path and γ l (t) is the corresponding complex amplitude. Due to the motion of vehicle, γ l (t)'s are wide sense stationary narrowband complex Gaussian processes, which are independent for different paths. We assume that γ l (t) has the same normalized correlation function r t (Δt) for all l, which can be expressed as
where σ 2 l is the average power of the lth path. Using (13), the CFR at time t is (15) Hence, the correlation function of the CFRs for different time indices and frequencies is
where σ Without loss of generality, we also assume σ 2 H = 1, which, therefore, can be omitted from (16) . From (16), the correlation function of H(t, f ) can be separated into the multiplication of a time domain correlation r t (Δt) and a frequency domain correlation r f (Δf ). r t (Δt) is dependent on the vehicle speed or, equivalently, the Doppler frequency, while r f (Δf ) depends on the multipath intensity profile. Employing this property, we can deduce the tap coefficients of the filter bank used to estimate the CFRs at virtual pilot locations and compute the MSE of the proposed channel estimation algorithm.
For an OFDM system with block length T and tone spacing Δf , the correlation function for different blocks and tones can be written as
where we define r t (n) = r t (nT ) and r f (k) = r f (kΔf ).
For Jakes' fading model and normalized exponential power delay profile, we have r
is the zeroth order Bessel function of the first kind, and σ 
Hybrid pilots assisted channel estimation
As mentioned earlier, some performance loss will be incurred due to the distribution of OPs over multiple OFDM symbols in time varying channels. To alleviate this problem, we assume that the virtual pilot tones superimposed at data locations which are equivalent to the OPs that are unsent over specific subcarriers in current OFDM symbol, denoted as the gray squares in Fig. 1 , are transmitted from all antennas. That is to say, we exploit all OPs in one OFDM symbol, including real and virtual ones, while the channel is time invariant over a single symbol interval, then the channel estimation performance by employing this pilot pattern can be expected to show an improvement in comparison with that of the original method. We take Fig. 1(a) as an example to illuminate our scheme, where P pilots are equally distributed over two consecutive OFDM symbols. Supposing the CFRs at pilot locations are known, the CFRs at virtual pilot locations can be obtained from the known CFRs of current and neighboring OFDM symbols by exploiting the time and frequency domain correlations. Let m represent the length of the filters, the estimated CFRs at virtual pilot locations of the rth transmit antenna at time index n can be obtained aŝ
, and H r p ∈ C m×1 is the known CFR vector of the rth transmit antenna. Note that C n ∈ C P 2 ×m is comprised of the tap coefficients of the filter bank selected to minimize the estimation MSE as
where H r v (n) is the corresponding real CFR vector. After some simple algebraic manipulations, it can be shown that
∈ C m×m can be uniquely determined once the channel statistical parameters are prior known to the receiver using (17). It should be mentioned that C n is the same for all transmit antennas due to the assumption of i.i.d. characteristic of channels. As shown in Fig. 1(a) , there are some superimposed virtual pilot tones, which does not exist in fact, transmitted from all antennas at time index n, then there are corresponding superimposed virtual received pilot signals at the qth receive antenna, which can be written as
represents the virtual pilots transmitted from the rth transmit antenna at time index n. Meanwhile, the received signals at pilot locations of the qth receive antenna can be analogously evaluated as
T , in which X r p ∈ C m×1 are the OPs transmitted from the designated set of tones. Substituting H v (n) with its estimated counterpartĤ v (n) and merging the error term
Applying (22) 
, in which the error term H e p = H p −Ĥ p . Consequently, from (25), it is seen that the estimated virtual received pilot signals can be expressed aŝ
It can be easily proved thatŶ q v (n) are the unbiased estimation values. We denoteŶ q (n) ∈ C P ×1 as the combination of P/2 real received pilot signals Y q p (n) and P/2 estimated virtual received pilot signalsŶ q v (n) at time index n which can be written aŝ
where Π ∈ R P ×P is a permutation matrix determined by the configuration between real and virtual pilot tones. Then, the CIR at time index n can be estimated according to (10) 
It is known thatÂ ∈ C P ×LNt is the same asÃ for the OPs over one OFDM symbol. As illustrated in Fig. 1(a) , a new comb-type pilot structure called hybrid pilots is formed by utilizing P/2 virtual pilot tones and P/2 real pilot tones over each OFDM symbol. In the same way, the CIR at each OFDM block can be obtained. Similarly, when the OPs are uniformly distributed over four consecutive OFDM symbols as shown in Fig. 1(b) , we need to estimate 3P /4 virtual received pilot signals at the corresponding locations, together with P/4 real received pilot signals, CIR can be derived from (28). The proposed scheme can be directly applied to other pilot patterns.
Performance analysis
The performance of the novel channel estimator can be evaluated by normalized MSE (NMSE). To begin with, we see a useful conclusion: NMSE T , the NMSE of the estimation of the CIR in time domain and its frequency domain counterpart NMSE F , satisfy the following equation
Simulation and numerical results
Simulation parameters are approximately the same as those in [14] . The channel is assumed to have L = 8 taps. On every tap, Doppler spread is generated by Wu model [16] . We investigate a 128-subcarrier system and a CP of length υ = 8. The number of pilot tones dedicated for training is P = 2 log 2 (LNt) = 16, which satisfies the minimum number of pilots and maximum spacing. Hence, when training is performed over g consecutive OFDM symbols, 16/g pilot tones are used for training in each OFDM symbol. The multipath intensity profile experiences an exponential distribution and the OFDM symbol duration is set to T = 1.13 ms. Finally, 2 transmit antennas are assumed. The performance of the system is measured in terms of the NMSE T and we run the simulations for different Doppler spreads, e.g., f d =0 Hz, 100 Hz, 200 Hz, 400 Hz when g = 2, 4 respectively. For comparison, the performance of OPs over multiple OFDM symbols is also depicted in the figure. Fig. 2 shows the MSE of the method in [14] and the proposed scheme under various Doppler frequencies for OPs over two consecutive OFDM symbols, while the corresponding theoretical value is also plotted to verify the derivation's validity. We find that the simulation result is well accorded with the theoretical result. Although not shown here, it is observed from simulations that the performances of the proposed scheme are approximately the same, when 2m/P is an integer. For tolerable storage capacity requirement and low system latency, we investigate the case 2m/P = 3 which means the length of the filter is 24, i.e. the virtual received pilot signals are obtained by only exploiting the channel statistical information of current and proximate OFDM symbols. It is seen that the hybrid pilots assisted channel estimation algorithm is insensitive to Doppler spreads in contrast to its counterpart which is aggravated by the time varying nature of channels (Since the performance curves under different Doppler frequencies are overlapped with each other, we only plot one of them for clear illustration). The reason for this phenomenon is that our method does channel estimation in one OFDM symbol, while the channel is assumed to be time invariant during this interval. Namely, we only need the knowledge of multipath intensity profile to execute our method. For higher Doppler frequency scenarios, the performance gain of our scheme is further elevated, e.g., there are 2 dB, 3 dB, 5 dB SNR gains in comparison with that of the previous scheme when f d =0 Hz, 100 Hz, 200 Hz at the MSE of 10 −1 respectively. We also note that our method can effectively ameliorate the MSE floor, particularly, when SNR is less than 6 dB, the performance of the proposed scheme even excels that of OPs in static channels, i.e. f d = 0 Hz, because the estimation noise is smaller than the channel AWGN at this time. Fig. 3 illustrates the MSE performance of two channel estimators versus SNR with respect to different Doppler frequencies for OPs over four consecutive OFDM symbols. As expected, the theoretical value is overlapped with the simulation result. Owing to the same consideration, we set 4m/P = 3, that is to say, the length of the filter is 12.
As the system pilot overhead decreases, the performance gain of our method is more obvious, e.g., there are 4 dB, 9 dB gaps between the method in [14] and the novel one when f d =0 Hz, 100 Hz at the MSE of 10 −1 respectively.
Due to the shorter filter length, it brings into less estimation noise, thus its performance is superior compared with the one in Fig. 2 at low SNR region. Numerically, the MSE of the novel scheme is 1 in Fig. 2 , while the value is about 0.5 in Fig. 3 when SNR is −12 dB respectively, but the slope of performance curve in Fig. 3 is not that steep as its counterpart in Fig. 2 . There are two main reasons causing this: one is that, as a result of the shorter filter length as mentioned above, the virtual received pilot signals are not accurately estimated; the other is that it needs to compute more parameters than the one in Fig. 2 , consequently, the veracity of the estimated values is inevitably limited. Nevertheless, our scheme cannot completely suppress the negative MSE floor, it exhibits the same deficiency similar as the previous method in mobile environments in high SNR region, namely larger than 10 dB and 6 dB for training over two and four consecutive OFDM symbols respectively, because the estimation noise is manifested with increasing SNR values. However, we know from simulations that it can effectively lower the MSE floor and still performs better than the previous scheme when the Doppler frequency is high under all SNR values.
Conclusions
In this paper, a novel hybrid pilots assisted channel estimation algorithm for MIMO-OFDM systems under time varying dispersive fading channels is exploited. First, we design the hybrid pilots pattern as illustrated in Fig. 1 which ingeniously utilizes the real and virtual pilots, then the corresponding virtual received pilot signals are obtained by using partial CSI, finally the CIR is derived from the combination of these two-type received pilot signals according to LS criterion. Simulation results show that the proposed channel estimation scheme can work especially well under low SNR region compared with the original method and operate without the knowledge of Doppler frequency. This is of great importance since most wireless communication systems work under this regime. It can also effectively lower the MSE floor for mobile transmission scenarios and its performance outmatches that of OPs over multiple OFDM symbols at SNR region less than 6 dB under static channels. Due to higher spectrum efficiency and robust to different Doppler frequencies, the novel method can be widely used in adverse communication environments.
